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We generate correlated photon pairs in an all-pass silicon microring resonator using continuous-wave
pumped spontaneous four-wave mixing and we characterize in detail the optical bistability in the non-
classical single-photon regime. Special attention is given to the resonance-locked method by balancing
the pump-induced heating and the active oﬀ-chip cooling, leading to stable operation of the photon-pair
source. The maximal coincidence rate of 20.53 ± 0.34 Hz, maximal coincidence-to-accidental ratio of
654 ± 125, and minimal zero-delayed heralded second-order correlation of 0.14 ± 0.09 are achieved. The
wavelengths of photon pairs remain unchanged at diﬀerent pump power, indicating that our source is
more compatible with the common communication systems than those using conventional on-resonance
strategies, that tunes the pump wavelength. This work not only experimentally validates the nonclassical
bistability behaviors, but also puts forward a simple method of pump-resonance matching for high-quality
performance.
DOI: 10.1103/PhysRevApplied.11.034007
I. INTRODUCTION
Correlated photon-pair sources have been widely stud-
ied in emergent applications of quantum optics, such as
quantum computing [1] and quantum communication [2].
The most widely investigated technology in this ﬁeld
is the quantum key distribution [3–5], in which some
schemes involve the nature of correlated photon pairs,
such that the detection of one photon heralds the exis-
tence of the other. Sources capable of these schemes need
to emit photon pairs in a probabilistic manner with high
brightness and low noise, preferably operating at telecom
wavelengths that ﬁt the high transmittance window of the
optical ﬁber networks. In the past decades, photon-pair
sources have been achieved through a variety of spon-
taneous nonlinear processes, including the spontaneous
parametric down-conversion in optical crystals [6] and
quasimatched waveguides [7], and the spontaneous four-
wave mixing (SpFWM) in highly nonlinear ﬁbers [8–11]
and integrated waveguides [12–20]. Although the ﬁber-
based source via SpFWM is more compatible with the
optical ﬁber networks than the source via spontaneous
*guokai07203@hotmail.com
†yanglin61s@126.com
parametric down-conversion, it suﬀers from the huge noise
induced by the spontaneous Raman scattering of amor-
phous silica at room temperature [9]. On the other hand, a
number of photon-pair generation experiments have been
carried out in on-chip platforms, due to the advantages
of designable dispersion and highly nonlinear response.
The materials of these platforms include crystalline silicon
[12–16], amorphous silicon [17], silica [18], silicon nitride
[19], and (Al,Ga)As [20].
It is appealing to integrate signiﬁcant building blocks
for quantum communication on a single chip, the function-
alities of which include photon-pair generation, photon-
pair modulation, cryptogram coding, and cryptogram
decoding [21,22]. Therefore, silicon-on-insulator (SOI)
platforms are primarily concerned because of the com-
patibility with complementary metal-oxide-semiconductor
technology that enables compact integration of electri-
cally and optically driven components and the mature
fabrication procedures that enable reproducible and reli-
able features for optical signal processing [23,24]. More-
over, as the Raman response of crystalline silicon has
a narrow linewidth peak locating at a frequency detun-
ing of 15.6 THz, the SOI platforms can get rid of
the Raman-induced noise by easy ﬁltering [25]. Addi-
tionally, through either butt-coupled approaches (e.g.,
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plasma-cladded inverse tapers [26]) or vertical-coupled
approaches [e.g., photonic-crystal-based grating couplers
(PCGCs) [27] ], the SOI platforms can be eﬃciently con-
nected to the optical ﬁbers, which beneﬁts photon-pair
sources from both the highly nonlinear response of SOI
waveguides, as the SpFWM medium, and the eﬃcient
noise suppression of ﬁber-based ﬁlters, resulting in ultra-
high coincidence-to-accidental ratio (CAR) [16].
Although photon-pair sources are often driven by pulsed
pumps, continuous-wave lasers with merits of cheaper
and easier on-chip interaction are required in special
applications, such as time-energy entanglement [5,28–31],
quantum wavelength division multiplexing [32–34], and
covert quantum communication [35], because the narrow
linewidth pump gives rise to a strong spectral anticor-
relation of photon pairs [36–38]. On the other hand, to
satisfy other applications that require uncorrelated pho-
ton pairs, such a spectral anticorrelation can be partially
avoided by ﬁber-based ﬁlters. However, such a ﬁltering
strategy results in a relatively low coincidence rate and
low pair brightness [16]. A promising solution is to use
the microring resonator (MRR), which enables on-chip ﬁl-
tering and nonlinear enhancement simultaneously within a
narrow bandwidth. Furthermore, photon-pair sources using
MRR often require lower pump power for SpFWM, but
they generate almost the same amount of photon pairs
compared to that using straight waveguides and result in
a pair brightness of several orders of magnitude higher
within a small footprint, due to the narrow bandwidth [39–
51]. However, the loss-induced heat changes the refrac-
tive index and makes the resonance wavelength power
dependent, which becomes stronger in SOI MRRs, due to
nonlinear loss including two-photon absorption and free
carrier absorption [52,53]. The power-dependent property,
often named the thermal-based optical bistability [54–60],
poses a challenge to keep the pump of photon-pair sources
operating exactly at the on-resonance. Hence, both a solid
understanding of the optical bistability in the nonclassical
single-photon regime and an eﬃcient method to achieve
the resonance-locked regime are important.
In this paper, we study the optical bistability with respect
to the pair rate of an all-pass SOI-MRR-based source using
an oﬀ-chip temperature-controlling module and present an
experimental validation. We propose a method to achieve
a photon-pair source working in the resonance-locked
regime by balancing the heat accumulation induced by the
pump and heat dissipation facilitated by active oﬀ-chip
cooling, which results in a stable and high-quality perfor-
mance of the source. Such a method enables a photon-pair
source that can be driven by a wavelength-ﬁxed pump
and emit photons eﬃciently with an unchanged wave-
length at diﬀerent power levels. Therefore, the proposed
source becomes very compatible with the wavelength divi-
sion multiplexing systems with no need for concomitant
tuning. Detailed descriptions of experiments and systems
are presented, which have usually been put brieﬂy in
previous works announcing that the MRR has to be ther-
mally stabilized. Hence, this work is also easily followed
with future investigations, where the stable on-resonance
of the microcavity is desired.
II. EXPERIMENTAL SETUP
A schematic experimental setup is shown in Fig. 1,
including the pair source, collection scheme, and detection
scheme, corresponding to the measurements of the pair
rate, coincidence rate, CAR, and heralded second-order
correlation. Speciﬁcally, a continuous-wave laser, centered
at 1549.78 nm and power-ampliﬁed to 25 dBm by an
erbium-doped ﬁber ampliﬁer (EDFA), is utilized to drive
the photon-pair source. Tunable band-pass ﬁlters centered
at pump wavelength (PTBPFs) suppress the incident side-
band noise, so that the signal-to-noise ratio at a wavelength
detuning of ±5 nm reaches 135 dB. The incident power
is adjusted by a tunable attenuator (ATT) ensuring a con-
stant signal-to-noise ratio, while the incident polarization
is adjusted by a polarization controller (PC) ensuring a
minimal coupling loss through PCGCs (12 dB). After the
SOI chip, 1% of the leaked pump ﬁeld is power-monitored
by a powermeter (PM), while the rest is suppressed by ﬁber
Bragg gratings centred at pump wavelength (PFBGs) with
an extinction ratio of 108 dB. The remaining photons are
separated into two arms by frequency using a circulator, a
ﬁber Bragg grating centered at signal wavelength (SFBG),
and a tunable band-pass ﬁlter centered at idler wavelength
(ITBPF), then detected by avalanche single-photon detec-
tors (SPDs, ID230, IDQ) and counted by a timetagger
(ID801, IDQ). The collection eﬃciency and the deadtime
of all SPDs are set at 20% and 10 μs, respectively, resulting
in an average dark count rate of 75 Hz.
The SOI chip is up-cladded by 1-μm-thick silica, where
both the bus waveguide and the ring cavity of the investi-
gated MRR have cross-sectional dimensions of H × W =
250 × 450 nm. The bus waveguide length of 1 mm (tapers
included) ensures negligible SpFWM contribution, while
the ring cavity radius of 100 μm results in a free spectral
range of 0.88 nm [see Fig. 1(d)]. Matching the transmit-
tance windows of SFBG and ITBPF, only the photons
from the ﬁfth resonances on both sides of pump (signal
at 1545.33 nm and idler at 1554.25 nm) are detected. The
full width at half maximum (FWHM) of the resonance
at the pump wavelength is λ = 26 pm, and its quality
factor [61]
Q = λres
λ
(1)
reaches 5.96 × 104. The SOI chip is placed on top of a
copper terrace, whose temperature (deﬁned as the exter-
nal temperature) is measured by a thermal sensor, and it is
controlled by a thermistor with a circuit, constituting the
034007-2
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FIG. 1. Schematic experimental setup: (a) pair source, (b) collection scheme, (c) detection for (1) pair rate, coincidence rate,
coincidence-to-accidental ratio and (2) heralded second-order correlation. EDFA denotes the erbium-doped ﬁber ampliﬁer; TBPF, tun-
able band-pass ﬁlter; ATT, tunable attenuator; PC, polarization controller; TCM, temperature-controlling module; FBG, ﬁber Bragg
grating; and SPD, single-photon detector. (d) The transmittance of the investigated MRR: the pump, signal, and idler wavelengths are
at 1549.78, 1545.33, and 1554.25 nm, respectively. The FWHM of the resonance corresponding to the pump is 26 pm.
temperature-controlling module. The room temperature is
kept at 22 ◦C, where the initial wavelength of the reso-
nance corresponding to the pump is 1550.5 nm (measured
at 1 μW), and it reaches 1549.78 nm by cooling the whole
chip to 20.1 ◦C (deﬁned as the reference temperature).
III. STUDY OF OPTICAL BISTABILITY
The thermal wavelength shift of resonances is jointly
determined by net heat ﬂow (NHF) and conducted heat
ﬂow (CHF) [60]. Speciﬁcally, when the resonance wave-
length gets closer to the pump, an increasing power is cou-
pled into the ring cavity, which promotes NHF, enlarges
the refractive index, and redshifts the resonance. Simul-
taneously, net heat in the SOI chip is conducted to the
environment and blueshifts the resonance, where CHF
becomes larger with an increasing temperature diﬀerence
between the chip and its environment. The thermal stabi-
lization is built when CHF balances with NHF, which can
take place at both the on-resonance and the oﬀ-resonance
conditions. Here, we study the optical bistability with
respect to the pair rate in the nonclassical single-photon
regime and employ the corresponding normalized trans-
mittance, demonstrated in a number of studies [54–60], as
a comparison. Through the reverse thinking of the working
principle, we tune the resonance to match the ﬁxed pump
by varying the external temperature of the temperature-
controlling module, which ensures that the on-resonance at
diﬀerent power levels can be achieved at the same wave-
length. Therefore, the external temperature response in
Fig. 2 behaves in an opposite way compared to the pump
wavelength response in Ref. [60].
According to recent studies, the pair rate is quadratic in
the circling power
Pc = Pp |F(ωp)|2 ∝ Pp
(ωpr/ωres)2 + 1/Q2 , (2)
where Pp denotes the incident power in the bus waveguide,
F(ω) denotes the enhancement factor [44,62], and ωpr =
|ωp − ωres| denotes the pump-resonance detuning, respec-
tively. Thus, in the cooling process, where the resonance
wavelength becomes shorter and gets closer to the pump,
the pair rate increases with the pump-resonance detuning
reduction (which behaves like the normalized transmit-
tance reduction). The net heat starts accumulating in the
ring cavity and redshifts the resonance against the blueshift
eﬀect of the active cooling. At the critical condition, where
the pump is exactly on-resonance, the pair rate reaches
the maximum; meanwhile, the normalized transmittance
reaches the minimum. Afterward, the reducing circling
power forms a synergy with the active cooling and quickly
draws both the pair rate and the normalized transmittance
back to the initial level [see Figs. 2(a) and 2(c)]. Note
that a large temperature diﬀerence between the chip and
its environment is required, so that CHF can balance with
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FIG. 2. The measured normalized transmittance versus the external temperature in the cooling process (a) and heating process (b),
and the corresponding pair rate versus the external temperature in the cooling process (c) and heating process (d). The incident powers
in the bus waveguide are 3.98 mW (red solid), 3.16 mW (blue solid), 2.51 mW (green solid), 1.99 mW (black solid), 1 mW (red
dotted), 0.63 mW (blue dotted), 0.32 mW (green dotted), and 0.16 mW (black dotted), respectively.
NHF. Moreover, in the heating process, the foregoing res-
onance wavelength becomes longer and gets closer to the
pump. The increasing circling power accelerates the active
heating and quickly draws the pair rate to the maximum.
Note that from theoretical study [60], the minimal nor-
malized transmittance takes the same value in heating and
cooling processes, yet our equipment fails to record such
a drop-rise moment, especially at high power. After the
critical condition, the pair rate and the normalized trans-
mittances reach the initial level [see Figs. 2(b) and 2(d)].
Additionally, the on-resonance achieved by active cooling
behaves more stably than that achieved by active heat-
ing, which validates the equilibrium solution of thermal
dynamic equations [60].
Although the optical bistability with respect to power in
the classical regime is well known and it is easy to derive a
similar property in the nonclassical regime, the hysteresis
behavior of the pair rate provides an explicit experimental
validation. Such an understanding is further strengthened
by comparing the hysteresis behavior of the pair rate to that
of the normalized transmittance at a ﬁxed external temper-
ature of 18.8 ◦C (see Fig. 3). Since it remains a challenge
to keep the identical conditions of repeated experiments
due to the undetectable heat accumulation inside the ring
resonator, we extract a set of data through a very quick
measurement. By turning up the input power, the pair rate
increases slowly with a value of less than 10 kHz, which
reveals the oﬀ-resonance stabilization. The pair rate dra-
matically rises to over 40 kHz, when the input power
reaches 3.8 mW, demonstrating the on-resonance stabi-
lization. Similar behavior takes place by turning down the
input power, in which the switch between two types of
stabilization occurs at 3.4 mW [55,56,60].
The output power is linear to the input power in both
of the stable states, the oﬀ-resonance at low power and
the on-resonance at high power. The normalized trans-
mittance remains almost unchanged in two stable states,
which takes a higher value at the oﬀ-resonance (e.g., 0.23
at 3 mW) and a lower value at the on-resonance (e.g.,
0.06 at 4 mW). According to Eq. (2), the circling power is
also linear to the input power; thus, the pair rate increases
with the increasing input power in both stable states. Since
the enhancement factor at the on-resonance (ω = 0) is
much higher than that at the oﬀ-resonance (ω = 0), the
034007-4
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(a)
(b)
FIG. 3. (a) The output power and (b) the pair rate versus the
input power, with an external temperature of 18.8 ◦C.
resulting pair rate runs in diﬀerent levels. Note that the nor-
malized transmittance at high power after switching cannot
be extrapolated to zero, where Pout-Pin curves in two sta-
ble states seem to run parallel. Such an issue takes place
because the linewidth of the pump laser is wider than the
FWHM of the resonance; that is, a part of the pump ﬁeld
always passes through the bus waveguide directly even
at the on-resonance. On the other hand, the free-carrier
absorption in the ring cavity increases dramatically at high
power, which greatly reduces the intrinsic quality factor
and the extinction ratio [62]. Hence, the normalized trans-
mittance remains increasing, while the resulting pair rate
starts saturating with the increasing input power.
Although the above optical bistability characterization
is carried out in a continuous-wave-pumped photon-pair
source, it also remains valid in pulsed-pumped sources
with the same average power. Being experimentally
proved, the strict correspondence between pair rate and
output power enlightens a variety of potential functionali-
ties in the single-photon regime using (and not limited to
thermal-based) optical bistability.
IV. RESONANCE-LOCKED PHOTON-PAIR
SOURCE
For eﬃcient and stable photon-pair generation using
MRR, it remains a challenge to keep the on-resonance.
Previous studies often tune the pump to match the reso-
nance, yet the on-resonance stabilization at diﬀerent lev-
els is built at diﬀerent wavelengths [43–48,60,63]. While
high-resolution tunable pumps are needed to drive these
sources, the wavelength of the emitting photons heav-
ily depends on the environmental temperature and the
input power. More signiﬁcantly, when the initial reso-
nance detunes with the devices in communication systems,
temperature controlling becomes necessary to achieve the
wavelength matching. Hence, under the same principle of
balancing CHF and NHF [54], we propose a resonance-
locked method. By cooling the chip, the closest resonance
is blue-tuned toward the pump and the external temper-
ature corresponding to the critical condition is obtained.
The controlling current is carefully adjusted until the on-
resonance stabilization is built at diﬀerent power levels
(see Table I). Note that in other on-resonance strate-
gies by counteracting the power- or free-carrier-induced
phase shift, a given power or a special MRR design is
required [64,65]. As a comparison, this simple method is
proved to be eﬃcient in our setup for long-time measure-
ments (more than an hour) and is worth popularizing in
future works, where diﬀerent initial resonances of vari-
ous MRR samples can match the given wavelengths of the
systems.
To validate the proposed resonance-locked regime, we
make a long-term stable measurement with respect to the
raw coincidence counts Ncc at a pump power of 4.86 mW.
Table II shows the critical temperature, the correspond-
ing controlling current, and the raw coincidence counts
at room temperatures of 20 ◦C, 22 ◦C and 24 ◦C, respec-
tively. By manually adjusting the controlling current two
or three times, we keep the on-resonance over 12 h at
each room temperature. Note that the experiment is car-
ried out in an open environment; that is, the room tem-
perature is simply controlled by the air conditioner of
the lab. Hence, the stable measurement proves that the
proposed resonance-locked regime is of great potential
in real-world applications. The issue of manual adjust-
ment can be, in future works, omitted by introducing
a feedback mechanism into the temperature-controlling
module.
Under the on-resonance condition (room temperature of
22 ◦C), we measure the raw coincidence counts Ncc, count-
ing the average coincidence events in the true coincidence
window of 405 ps, and the accidental coincidence counts
Nacc, counting the average coincidence events in the tem-
poral window of 81 ns. Ncc is proportional to pair rate Nc
and quadratic in power, which is validated as the ﬁtted
TABLE I. The critical temperature and the corresponding controlling current for the thermal-locked regime, at 22 ◦C.
Pp (mW) 0.16 0.32 0.63 0.80 0.99 1.26 1.58 1.99 2.51 3.16 3.98 4.86
Tc (◦C) 20.19 20.11 19.98 19.90 19.82 19.74 19.67 19.58 19.49 19.35 18.93 18.31
Current (mA) 232 235 237 238 240 244 250 255 265 275 302 336
034007-5
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TABLE II. The critical temperature, the controlling current,
and the raw coincidence counts for stable measurement.
Room temperature 20 ◦C 22 ◦C 24 ◦C
Critical temperature (◦C) 18.58 18.31 17.85
Controlling current (mA) 232 235 237
Maximal Ncc (min−1) 1237 1248 1231
Minimal Ncc (min−1) 1159 1163 1151
slope of Ncc versus Pp in the log-log scale reaches 1.91,
by taking the data at low power (Pp < 2 mW) into account
(see Fig. 4). However, the ﬁtted slope reduces to 1.53 for
all data, revealing the pair rate saturation induced by the
avalanche detector and nonlinear loss. On one hand, the
modiﬁed pair rate omitting detector saturation is given by
Nmc = Nc − d1 − Ncτd , (3)
where d and τd denote the dark count rate and dead time,
respectively [44]. On the other hand, the total quality factor
in Eq. (1) also satisﬁes
1
Q
= 1
Qe
+ 1
Qi
, (4)
where Qi and Qe are the intrinsic quality factor and the
external quality factor, respectively. Here, Qe, depending
on the bus-ring coupling coeﬃcient, remains unchanged,
while Qi, determined by the round-trip loss, becomes lower
with increasing power-dependent nonlinear loss [44,66].
y = 1.91x + 10.47
y = 1.53x + 8.79
y = 2.74x + 11.89
FIG. 4. The measured raw coincidence counts Ncc (red circle)
and accidental coincidence counts Nacc versus input power per
minute. The ﬁtted slope of Ncc at all powers, Ncc at low powers,
and Nacc at all powers are 1.53, 1.91, and 2.74, respectively.
This is also presented in Fig. 2, where the extinction ratio
of the minimal to maximal normalized transmittance,
 =
∣
∣
∣
∣
Qe − Qi
Qe + Qi
∣
∣
∣
∣
2
, (5)
becomes larger at high power. By combining Eqs. (1),
(4), and (5), the initial Qe and Qi are estimated at 8.52 ×
104 and 6.95 × 104, respectively. At Pp = 4.86 mW, Qi
reduces to 6.95 × 104 and results in Q = 5.13 × 104. From
Eq. (3) and Nmc ∝ Q7 [44,62], the highest Ncc of 1232 ±
20 min−1 is modiﬁed to 7787 ± 126 min−1, which agrees
with the quadratic dependence better. Moreover, the mea-
sured pair brightness, given by
Bm = Ncc
λPp
, (6)
at 1 mW reaches 176 ± 40 (s mW nm)−1. Note that Eq.
(6) uses the measured coincidence rate Ncc and the incident
power in the bus waveguide, instead of the calculated pair
rate and the coupled power in the ring cavity, respectively.
Hence, the measured pair brightness is naturally far lower
than that given in the previous studies using the internal
pair brightness deﬁnition. The total loss through the after-
chip setup is 21 dB, including the coupling loss of the
output PCGC, the insertion loss of the ﬁber-based com-
ponents in the collection schemes, and the detection loss
of SPDs. By omitting all loss mechanisms, the expected
coincidence rate and pair brightness can be 4 orders of
magnitude higher. Hence, the internal pair brightness at
1 mW reaches 2.82 ± 0.65 × 106 (s mW nm)−1, which
approaches the results of MRR-based sources in previ-
ous works [43–46] and is an order of magnitude higher
than those using strip or slow-light enhanced waveguides
[16,67,68].
The accidental coincidence counts follow Nacc ∝ (Nc +
Nn + d/η)2, where Nn represents the photon contribution
from the pump sideband noise, leaked pump ﬁeld, and
spontaneous Raman scattering. The collection eﬃciency
η consists of the coupling eﬃciency of the output PCGC,
the transmittance of the after-chip ﬁlters, and the detec-
tion eﬃciency of SPDs. As Nc is quadratic in power, Nn
is linear in power, and d is constant, Nacc has a fourth-
order polynomial dependence on power. The ﬁtted slope
of 2.74 indicates that the contribution of Nc is dominant;
meanwhile, the measured Nacc of 144 ± 2 min−1 at Pp =
4.86 mW can be further modiﬁed to 5788 ± 95 min−1,
which agrees well with the biquadratic dependence. More-
over, Ncc is 1–3 orders of magnitude higher than Nacc,
directly illustrating eﬃcient noise suppression [9]. The
coincidence peak, resolved in a measurement time window
of 405 ps (wider than the SPD’s jitter time of 300 ps), is
far higher than the background. The measured CAR given
034007-6
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FIG. 5. The CAR versus the input power. The inset is the
temporal histogram at Pp = 1.99 mW.
by
CAR = Ncc − Nacc
Nacc
, (7)
increases with decreasing input power and the highest
value of 654 ± 125 takes place at Pp = 0.16 mW, yet the
coincidence rate is only 0.13 ± 0.04 Hz (see Fig. 5). The
highest coincidence rate of 20.53 ± 0.34 Hz corresponds to
a CAR of 9 ± 0.2, which remains in the low-noise regime.
To ensure that the photon-pair source operates in the
single-photon regime, we measure the heralded second-
order correlation function, given by [67]
g(2)H (τ ) =
NHNHAB(τ )
NHANHB(τ )
. (8)
In detection scheme (2), the idler photons are separated
into two arms (A and B), while the signal photons are
used for heralding (H ). In Eq. (8), τ denotes the tempo-
ral delay between arm A and B, introduced by inserting
or removing a certain length of optical ﬁbers; NH denotes
the heralded photon counts in arm H ; and NHA, NHB, and
NHAB denote the coincidence counts of H -A and H -B and
the triple-coincidence counts of H -A-B, respectively. The
zero-delayed g(2)H is zero for heralded single photons, but
the noise contribution results in a nonzero value. Figure 6
shows that g(2)H (0) becomes smaller with decreasing input
power and reaches the minimum of 0.14 ± 0.09 at Pp =
1.58 mW (the errorbar comes from the standard error
calculation of all measured data). All of the g(2)H (0) mea-
surements are below 0.5, indicating that the photon pairs
operating in the single-photon regime are dominant. A time
delay of 25 ns is introduced to evaluate the noise property,
FIG. 6. The heralded second-order correlation function g(2)H (τ )
versus input power with zero delay (red diamond) and 25-ns
delay (blue circle), respectively. The inset is g(2)H (τ ) versus the
delay at Pp = 1.58 mW.
where the resulting g(2)H (τ ) varies around 1 at all powers
[69]. The g(2)H at 1.58 mW, τ of 0, ±25 ns, and ±50 ns
satisﬁes the asymptotic limit (see inset). Although the time
window for searching NHAB is 2.5 ns, while the included
noise makes g(2)H (0) overestimated and uncertain, no triple-
coincidence events are detected at an incident power less
than 1.58 mW. Hence, these zero g(2)H (0) are omitted from
the presented data.
Through the resonance-locked method, we demonstrate
stable characterization of a photon-pair source and acquire
clean data. However, the ﬁgures of merit do not seem state
of the art since the avalanche detectors come at the cost
of relatively low speed and eﬃciency. This issue can, in
future works, be mitigated by using the superconducting
detectors with a high detection rate, low dark count, near-
unity eﬃciency, and short deadtime [70,71]. Moreover,
as nonlinear loss signiﬁcantly reduces the quality factor
of MRR at high power, further pair rate scaling can be
achieved by using the p-i-n structure valid in shorting the
free carrier lifetime [42,72] or by employing other materi-
als such as (Al,Ga)As [20] to avoid nonlinear loss. Careful
design of MRR is also needed to satisfy the ﬁltering-
matched free spectral range and a suitable quality factor
that maximizes the enhancement factor in Eq. (2). To fur-
ther increase CAR in Eq. (7), a low-loss collection scheme
needs to be integrated with the photon-pair source, which
emerges from the development of integrated coolers. Addi-
tionally, our resonance-locked method makes easier the
on-chip integration of the pump, without requiring pre-
cision wavelength control, and the resulting photon-pair
source holds great potential to support long-time operation.
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V. CONCLUSIONS
We experimentally validate the nonclassical optical
bistability in a photon-pair source using continuous-wave
pumped spontaneous four-wave mixing in an all-pass
silicon-on-insulator microring resonator. We explain in
detail the thermal stabilization in the on-resonance and
oﬀ-resonance conditions and provide solid proof of the cor-
respondence between classical normalized transmittance
and a nonclassical pair rate, which enlightens potential
applications in quantum optics. We propose a resonance-
locked method using active cooling, which enables uncer-
tain initial resonance to match the given wavelength of
systems, in addition to support stable photon-pair emis-
sion. Thanks to the proposed resonance-locked regime,
we stably characterize the photon-pair source and achieve
clean ﬁgures of merit. The maximal coincidence rate
reaches 20.53 ± 0.34 Hz at the maximal pump power of
4.86 mW. The maximal coincidental-to-accidental ratio
reaches 654 ± 125 at a pump power of 0.16 mW, which
is several times higher than the previous studies with the
same measurement time window [44]. The measurable
minimal zero-delayed heralded second-order correlation is
0.14 ± 0.09 at a pump power of 1.58 mW, demonstrat-
ing that our photon-pair source operates in the low-noise
single-photon regime. We ﬁnally propose further pair rate
scaling to focus on solving detector saturation, avoiding
nonlinear loss, and fully integrating the photon-pair source
on-chip.
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